Linear and nonlinear ͓second harmonic generation ͑SHG͔͒ optical functions of cubic and hexagonal BN, AlN, GaN, and InN have been studied by using the first-principles full-potential linearized augmented planewave method. Equilibrium lattice constants are determined from the total-energy minimization method. The calculated spectra of the second-order optical susceptibility show pronounced structures related to the twophoton resonances. In materials with heavy metals there are remarkable contributions from the single-photon transitions. Line shapes of the linear and particularly the nonlinear optical spectra of GaN and InN crystals are very sensitive to the interactions between the conduction bands and metallic d states. Studies of the nonlinear optical susceptibilities in both wurtzite and cubic crystals show high sensitivity of the SHG spectra to the changes of atomic structure.
I. INTRODUCTION
Group-III nitrides are promising materials for various technological applications, such as short-wavelength lightemitting diodes, semiconductor lasers, and optical detectors.
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Electron band-structure parameters and optical properties of group-III nitrides including their linear 2-15 and nonlinear optical response functions [16] [17] [18] [19] [20] have been extensively studied in the last decade both theoretically and experimentally.
Nonlinear optical properties such as the second harmonic generation ͑SHG͒ and the sum frequency generation ͑SFG͒ spectroscopies have a great potential to be used as novel efficient techniques for material characterization. The optical second-order susceptibility functions ( (2) ) are known to be very sensitive to the changes of symmetry. 21 This makes SHG and SFG spectroscopies extremely promising for surface studies, 22 especially for monitoring surface contaminations and surface chemical reactions ͑see Ref. 23 and references therein͒. Owing to technical difficulties and computational demands, however, the nonlinear optical spectra of the group-III nitrides are rarely studied using the firstprinciples electronic structure theories and are still poorly understood.
In this paper we report results of a systematic study of electronic structure and linear, and nonlinear optical properties of InN, GaN, AlN, and BN crystals in the zinc-blende and wurtzite structures. We used the first-principles fullpotential linearized augmented plane-wave ͑FLAPW͒ method. The equilibrium lattice constants are determined from the total-energy minimization method. To understand the nature of optical transitions and other relevant effects on the calculated optical functions, we study the local densities of states ͑LDOS's͒ and other electronic properties of these materials.
This work is based on a single-electron picture, namely, we neglected the excitonic effects and the local-field corrections. As shown previously, these effects in the bulk materials might change values of the predicted linear and nonlinear optical spectra by 20-30 %, especially in the spectral regions of direct gaps in semiconductors. 18 ,24-26
II. METHOD
The electronic band structure and the optical function computations are based on the FLAPW theory. 27, 28 In the FLAPW method no shape approximation is made for charge density, potential, and matrix elements. 27 FLAPW calculations have provided very accurate results of linear and nonlinear optical functions for many cubic A III B V compound semiconductors as well as of wurtzite AlN and GaN crystals ͑see Ref. 29 and references therein͒.
A. Electron band structure
To take into account the exchange and correlation effects, we used formulas of both local density approximation ͑LDA, with the von Barth-Hedin formula 31 ͒ and the generalized gradient approximation ͑GGA͒ ͑with the Perdew-Bucky formula͒. 32 The FLAPW-GGA approach has been successfully applied for the determination of electronic and optical properties of various materials. 33 The core states are treated fully relativistically, while the spin-orbit coupling interactions among the valence states are treated secondvariationally. 28 Energy cutoffs of 15 and 100 Ry are employed to describe the augmented plane-wave basis functions and the star functions for the charge density and potential in the interstitial region, respectively. We found that BN and AlN require less k points than GaN and InN. 2500 k points in the full Brillouin zone ͑BZ͒ are employed to obtain reliable results.
B. Optical functions
The linear (
(1) ) and nonlinear ( (2) ) optical susceptibilities are computed through the optical response theory for complex resonance functions. 34 This approach requires less k points, but it is slower then other often-used methods with ␦ functions to determine the imaginary part of (1) and (2) with subsequent evaluations for the real parts from the Kramers-Krönig relationship. 19, 35 Here the optical functions (1) and (2) were calculated within random-phase approximation by neglecting the non-locality of the velocity operator. 26 The nonlinear optical susceptibility (2) in longitudinal ͑length͒ gauge is given by
where the curly-bracket notation indicates all permutations with respect to the Cartesian coordinates, N is the number density of electrons, ប i j is the energy difference, and ⌫ i j the corresponding broadening parameter, between levels i and j. The Fermi distribution function g (0) was taken at zero temperature. Matrix elements r ng were determined by r ng ϭp ng /im ng through momentum matrix elements p ng . The sum in Eq. ͑1͒ covers all occupied and empty states; however, the values of the triple matrix element products are nonzero only if the electron states in resonant denominator terms ͓e.g., nϪg and nЈϪg states in the first term of Eq. ͑1͔͒ have different occupancies. This procedure accounts all transitions with virtual electron and virtual hole contributions. The calculation of the SHG by Eq. ͑1͒ using additional occupancy factors in the code is close to the method used in Ref. 29 and provides very similar results.
The LDA is well known to underestimate band gaps of semiconductors, which in turn causes some errors for the linear and higher-order optical response functions. The gradient corrections in the GGA somewhat improve the situation but cannot solve the problem completely, as is demonstrated below. For a better agreement with experiment the quasiparticle corrections 37 ͑QP͒ with inclusion of both static and dynamical interactions 24 are needed, which makes the calculation procedures extremely complex and time demanding. The many-body effects can be reasonably treated by using scissorslike corrections both to the band energies ͑⌬͒ and to the velocity matrix elements. 38 To match the experimental gap energies, we shift the conduction bands ͑c bands͒ by a value of ⌬ and renormalize the corresponding momentum matrix elements as
The corrections to the momentum matrix elements, as discussed in the literature, appear to improve the results of optical spectra further from the case with corrections merely to the band energies. 20, 29, 39 
III. ELECTRON BAND STRUCTURE
We determined the equilibrium lattice constants a ͑cubic͒ and a and c ͑hexagonal͒ through the total-energy minimization method. In Table I we compare the calculated data with experiment and with the results obtained from previous calculations. The LDA values of lattice constants 2,5 are smaller than the experimental data ͑i.e., smaller lattices͒. This makes energy gaps larger as a result of the hydrostatic compression. By contrast, our GGA data are slightly larger ͑by 0.8-1.0 %͒ compared to the experimental lattice sizes ͑see Table I͒ . This may shrink the bandwidths and gaps. It should be noted that all the calculations are performed here at zero temperature. The lattice constant is temperature dependent. The experimental values listed in Table I are obtained at room temperature. In view of the sensitivity of the electron energy structure and optical functions to the lattice constant ͑as well as to the other temperature-dependent effects͒ this should be taken into account by comparison between theoretical and experimental data.
The calculated energy gap values (E g ) are given in Table  II . To avoid computational complexity, the QP corrections ⌬ are used in most theoretical papers as a scissorslike operator. The value of ⌬ was widely chosen to match experimental E g data. However, due to the strong k dependence of ⌬ ͑see, e.g., Ref. 26 and references therein͒ this does not improve the disagreement between calculated and measured optical functions in high-energy spectral region. In other words, the scissorslike QP corrections do not improve the bandwidth of the c band. Therefore for a better agreement with experiment, GW corrections are required. 37, 40 In the absence of reliable experimental results of optical functions in highenergy regions of BN and cubic AlN, we did not use the QP corrections for these materials. The values of the QP correction ⌬ are determined in this work by fitting the main features of the calculated linear spectra (E 2 transitions only͒ to the experimental ⑀ 2 () curve. 3 The value of ⌬ϭ0.5 eV in GaN obtained through this procedure is remarkably smaller than the value of ⌬ϭ1.4 eV required to match the experimental gap. The spectral location of calculated features ͑par-ticularly SHG peaks͒ should be closer to experimental spectra if main optical gaps are matched. The effect of this QP correction on calculated optical functions is demonstrated below for SHG spectra of cubic GaN. For InN the values of ⌬ are determined by fitting the calculated E g value to the experimental one.
To understand the calculated optical susceptibility functions we studied the LDOS spectra. close to the valence sp bands. The energy position of Ga 3d states in both cubic and hexagonal GaN is at Ϫ13.9 eV, a result that agrees well with that obtained in the previous linearized muffin-tin orbital ͑LMTO͒ calculation, 4 Ϫ13.3 eV, but is still remarkably higher than the energy position of the Ga 3d peak in an x-ray photoemission experiment, Ϫ17.1 Ϯ0.1 eV. 4 In all the compounds studied here the valence bands are dominated by the 2p bonding states of nitrogen at 
IV. OPTICAL FUNCTIONS

A. Static dielectric constants
The calculated values of the static macroscopic dielectric constants ⑀ 0 are given in Table III , in comparison with the data in the literature. We can state quite good agreement of our data with the previously published results. Comparison of our results with previous LMTO-atomic sphere approximation ͑ASA͒ data 2 presented in Table III shows that LMTO data systematically underestimate experimental and FLAPW results. The LMTO-ASA values of static ⑀ 0 deviate more significantly from the results of our full-potential and other pseudopotential calculations ͑see Table III͒ . By approximative treatment of the potential in the interstitial regions ͑as by the ASA method 30 used in Ref. 2͒, the choice of the atomic sphere radius affects somewhat the amplitudes of the calculated optical functions. Therefore the deviations observed could be considered as measures for the errors in optical functions caused by approximative versus precise description of the potential energy in nitrides.
In hexagonal crystals the anisotropy of static ⑀ is not strong but is noticeable in all the materials studied here. Our data clearly indicate the tendency of changing signs of uniaxial anisotropy degree ͓␦⑀ϭ3(⑀ ʈ Ϫ⑀ Ќ )/⑀ ʈ ϩ2⑀ Ќ ͔ when the cations change from simple to heavy metals: ␦⑀Ͼ0 for BN and AlN, ␦⑀Ӎ0 for GaN, but ␦⑀Ͻ0 for InN ͑see However, for BN, our theoretical spectra as well as LMTO-ASA results 2 are shifted to the higher-energy region compared to the experimental result of Im͓⑀()͔ obtained from the Kramers-Krönig analysis of reflectance measurements. 41 The LMTO values of the imaginary part of ⑀ of BN are only slightly lower than the FLAPW data ͑Fig. 3͒.
In Fig. 5 , the results for GaN obtained in this work are given together with the experimental data of spectroellipsometry measurements.
3 An overall good agreement with ex- periment is achieved for both real and imaginary parts of ⑀(). This demonstrates the accuracy and reliability of our FLAPW approach for predicting optical spectra.
Spectra of ⑀() of InN ͑Fig. 6͒ are calculated in this work with QP corrections of ⌬ϭ1.6 eV ͑cubic͒ and ⌬ϭ1.65 eV ͑hexagonal; see Table II͒ . The line shapes of our FLAPW spectra are in reasonable agreement with previous LMTO-ASA results. 2 In the region near the threshold, however, the intensities of our FLAPW ⑀ 2 spectra are remarkably higher than that of the LMTO-ASA calculations 2 for both cubic and hexagonal crystals. In wurtzite InN crystals the experimental values 42 of ⑀ 2 in the low-energy region are about a factor of 1.5 higher in magnitude than the results predicted by LMTO-ASA calculations. The line shape of our FLAPW spectra is in good agreement with experiment ͓see Fig. 6͑b͔͒ . It appears that ⑀ 2 of InN is sensitive to the accuracy of wave functions and eigenvalues. The experimental verification of ⑀() of InN is highly desirable.
C. Second-order optical susceptibilities
In Table IV 18 The frequency dependences of the nonvanishing components ͑xyz in cubic crystals and xzx, zxx, and zzz in hexagonal crystals͒ of the (2) function are given in Figs. 7-18 . In contrast to the linear optical functions, the calculated spectra of i jk (2) (Ϫ2,,) show pronounced structures contributed from both single-and double-frequency resonant terms. To analyze these contributions to the SHG spectra, it is helpful to compare (2) and the linear optical ⑀ 2 spectra. 43 To this end, the values of ⑀ 2 are shown in the bottom panels as functions of both /2 and . One can clearly see that the main contributions to the (2) spectra come from two-photon resonances ͓cf. ⑀ 2 (/2)͔. The single-photon resonances ͓cf. ⑀ 2 ()͔ contribute mainly to the high-frequency parts with much smaller amplitudes. The LDOS curves in Figs. 1 and 2 show that the valence bands of all group-III nitrides are dominated by the nitrogen 2p states. These electronic states as well as the states close to the bottom of the conduction bands provide the main contributions to the predicted SHG spectra of group-III nitrides. In the high-energy regions there are some features that arise from the double-frequency resonances from the N 2s states ͑e.g., the structure at 10.0 eV for BN in Fig. 7͒ . Comparisons between the calculated spectra of (2) for different nitrides indicate a clear trend that the ⌬ϭ0.5 eV, needed to match the experimental E 2 energy in GaN, is more reasonable for the spectral location predictions of the most prominent SHG resonances in GaN. For hexagonal AlN the calculated SHG spectra ͑Figs. 13 and 14͒ agree well with the previous FLAPW-LDA results, 19 indicating that the gradient corrections are less important for the line shape of optical functions in nitrides.
For cubic AlN the calculated SHG spectrum agrees well with the previous LMTO-ASA result. 20 However, there are some differences in their line shapes. Our FLAPW theory predicts a stronger response in the spectral region above 6 eV. As mentioned above, our FLAPW calculations for InN predict a stronger linear response in the low-energy spectral region than the previous LMTO-ASA study, 2 ͑cf. Fig. 19 is obviously reduced by excluding d-state transitions at បϾ6.0 eV. Consequently, the value of the static dielectric constant decreases by about 15%. The nonlinear susceptibility is affected even more strongly ͓see Fig. 19͑b͔͒ , because the two-photon processes involve much more electronic states around the Fermi level than in the linear response. Our results demonstrate that electron transitions involving d states contribute in the whole spectral range of (2) , and the related corrections are possibly as large as 50%.
E. Optical response: Wurtzite versus cubic structure
The group-III nitrides often exist in mixed structures with cubic and hexagonal phases. It is thus important to understand how sensitive the SHG is to the changes in the crystalline structure. In both cubic ͑zinc-blende͒ and wurtzite structures each atom of one kind is tetrahedrally surrounded by four atoms of the other kind. Because both phases have the same nearest-neighbor configurations, one may expect similar optical responses.
The first systematic study of linear and second-order optical susceptibilities in cubic and hexagonal II-VI semiconductors 44 indicated that the change in atomic structure plays a limited role at energies below the gap ͑linear functions͒ or at half gap ͑second-order response͒. Stronger effects were reported in the high-energy regions of II-VI compounds. 44 In this work we compare the imaginary parts of the zzz (2) component for group-III nitrides with xyz (2) spectra for both wurtzite and cubic structures in Fig. 20 . Following Ref. 44 , we project the xyz (2) component of the cubic structure into the hexagonal frames. As in II-VI semiconductors, 44 the spectra of two nitride phases are very different. For GaN and InN the (2) spectra for the two structures are similar only in the long-wavelength regions. The spectra of the cubic phase are remarkably blueshifted in the high-energy region. These differences around direct-gap energies can be explained. The localization of optical transitions in k space corresponds to a delocalization in the real space. In other words, electron transitions around direct optical gaps may involve atomic bonds extending to several atomic shells in the real space.
Comparing SHG results of the two phases ͑see Fig. 20͒ one can see that (2) spectra in cubic materials are systematically blueshifted with respect to their hexagonal counterparts. This corresponds to the structure-induced changes in the bandwidth and gap sizes. Although the LDOS for the two phases in Figs. 1 and 2 is very close in profile, the bands of wurtzite crystals are noticeably narrower. It is well known that the electron band structure of solids is determined mainly through the interactions between nearest neighbors, with much weaker contributions from the interactions with the second-nearest neighbors, and the interactions with thirdnearest neighbors very offen could be neglected for the estimations. 45 Atomic geometries of the two phases are the same up to second-nearest neighbors. As a consequence of the same atomic configuration in the first two atomic shells in cubic and wurztite crystals, the shapes of the SHG spectra of two phases are quite similar ͑see Fig. 20͒ . Note from the lattice parameters in Tables I and V, the nearest-and secondnearest-neighbor interatomic distances in the wurtzite structure are 0.1-0.6 % larger than those in the cubic phase ͑in agreement with corresponding data calculated for ideal structures using experimental lattice constants͒. The increase of d 12 and d 13 causes the weakening of the relevant bonding energies and gives rise to the obtained redshift of the SHG spectra in hexagonal as compared to the zinc-blende crystals.
By contrast the linear optical functions appear to be very stable in the cubic-hexagonal phase transitions. Clearly, the nonlinear optical response is much more sensitive to the atomic configurations than the linear one. The high sensitivity of (2) to the atomic structure can be used for optical detections of phase mixture, embedding, and phase transitions in nitrides.
V. CONCLUSIONS
The electronic band structures and linear and nonlinear optical functions of the cubic and hexagonal BN, AlN, GaN, and InN crystals have been studied with the first-principles FLAPW method. In BN and AlN the valence bands are dominated by 2s and 2 p bonding states of N. The calculated band-structure parameters and the values of macroscopic dielectric constants as well as the static values of the secondorder susceptibility agree well with available data in the literature. The predicted second-order optical spectra show pronounced structures related to single-and doublefrequency resonances. The SHG response in group-III nitrides is mainly due to double-frequency resonances; singlephoton resonances provide noticeable contribution only in materials with heavy metals. In these materials the transitions from/to d states contribute remarkably to the linear and nonlinear optical functions. The second-order optical susceptibility functions are very sensitive to the atomic configurations in wurtzite and zinc-blende phases. 
